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1
LIDAR PROJECTION APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. provisional

application No. 63/016,297, filed on Apr. 28, 2020, the
contents of which are incorporated here by reference in 1ts

entirety for all purposes.

FIELD

This disclosure relates generally to systems and methods
for time of thght (ToF) imaging, and more specifically, to a
ToF 1maging system that utilizes an electronically-con-
trolled mirror and implements a tflash and scan process.

BACKGROUND

ToF 1maging systems are used for many applications
including cell phones, digital still cameras, vehicles, autono-
mous vehicles, automated equipment, human-machine inter-
faces, object scanning, gesture recognition, augmented real-
ity, etc. A ToF imaging system may include a light emission
apparatus that emits light towards a target and a light
receiving apparatus that receives light returned (e.g.,
reflected) from the target. The ToF imaging system may
determine imnformation about the target, such as depth infor-
mation, based on one or more properties of the return light.
When large angular detection field of view of a ToF imaging
system for relatively remote targets within the field 1s needed
grven safety-limited light power budget, where limited form
factor may restrict beam expanding diameter and finite light
beam propagation quality, a technical solution 1s needed in
order to detect the remote targets and accurately determine
information about them. However, the scanning process may
make use of optics and mechanical mirror(s) that are bulky
and expensive.

SUMMARY

Described herein are systems and methods for ToF imag-
ing of a target. The ToF imaging system may include an
optical splitter that splits the light beam from a light source
into multiple transmitting light beams. The transmitting light
beams are directed towards one or multiple targets and one
or more portions of the transmitting light beams are reflected
back as reflected light beams for a light rece1ving apparatus.
A detector receives the reflected light beams and generates
detector signals, representative of the retlected light beams.
An electronically-controlled mirror 1s used to change the
angular position of the transmitting light beams incident on
the target(s), so that different regions of relatively large
target(s) or multiple relatively small targets can be mea-
sured. The ToF imaging system uses a tlash and scan process
to flash and illuminate one region(s) of the target scene with
the transmaitting light beams during one sub-frame exposure
and scan other region(s) of the target scene during subse-
quent sub-frame exposures. An 1image processing apparatus
constructs target scene information from multiple sub-frame
EXpOoSures.

(Given fimite transmitting peak light power, the ToF 1imag-
ing system distributes available light beacon power into
partial regions within the angular detection field of view in
a single sub-frame exposure. Each of the distributed trans-
mitting light beams, the beamlets, may have a smaller spot
s1ze and higher output power, resulting 1n enhanced signal-
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to-noise ratio (SNR) without compromising total power
consumption, or the total power consumption of all beamlets

at certain sub-frame exposure. The disclosed ToF imaging
system 1s with a higher SNR than a conventional ToF
imaging system due to spatial-temporal multiplexing of
limited peak beacon light power and stitching intense inter-
leaved beamlet 1mages. The ToF 1maging system may 1llu-
minate multiple regions of the target scene (and the corre-
sponding reflected light beams may be incident on multiple
groups of detector pixels) during a single sub-frame expo-
sure, reducing the required time for a full frame-stitching
and increasing the frame rate compared to what could be
achieved by single light beam scanner. In some embodi-
ments, the ToF 1maging system may illuminate sub-regions
of the target scene (and the corresponding reflected light
beams may be incident on multiple sets of detector pixels)
during a single sub-frame exposure, enhancing the resolu-
tion. The disclosed ToF imaging system may stitch infor-
mation from multiple interleaved sub-frame exposures,
obtaining a larger field of regard (FOR).

The use of an electronically-controlled mirror to scan the
transmitting light beams may result in reduced weight,
power, and size. In some embodiments, the number of
moving parts may be reduced. Embodiments may include,
but are not limited to, the electronically-controlled mirror
being the only moving part in the ToF imaging system. The
speed of the electronically-controlled mirror may also con-
tribute to the higher frame rate. The electronically-con-
trolled mirror may move in one or more directions (e.g.,
horizontally, vertically, or both), which may result in
enhanced SNR, higher FOR, or both. The disclosure
includes an electronically-controlled mirror having a rota-
tional movement range to cover the total scanning regard
between the separation angles between beamlets.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1illustrates a block diagram of an exemplary ToF
imaging system, according to embodiments of the disclo-
sure.

FIG. 2A 1llustrates an exemplary configuration for optics
component included 1n a light emission apparatus, according
to embodiments of the disclosure.

FIG. 2B illustrates a diagram of optics component
included 1n a light emission apparatus, according to embodi-
ments of the disclosure.

FIG. 3A illustrates an exemplary configuration for a
vertical-cavity surface emitting laser (VCSEL) diode,
according to embodiments of the disclosure.

FIG. 3B illustrates an exemplary configuration for an
edge emitting laser (EEL) diode, according to embodiments
of the disclosure.

FIG. 4 1llustrates a top view of an exemplary detector,
target, or both, according to embodiments of the disclosure.

FIG. S illustrates a flow chart of an exemplary flash and
scan process, according to embodiments of the disclosure.

FIG. 6 illustrates a top view of a detector for multiple
sub-frame exposures 1n an exemplary tlash and scan process,
according to embodiments of the disclosure.

FIG. 7A illustrates an exemplary light power distribution
at a detector using any of the disclosed flash and scan
processes, according to embodiments of the disclosure.

FIG. 7B illustrates an exemplary light power distribution
at a detector using any of the disclosed flash and scan
processes, according to embodiments of the disclosure.

FIG. 8 1llustrates a top view of a detector, target, or both,
according to embodiments of the disclosure.
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FIG. 9 1llustrates a top view of a detector for multiple
sub-frame exposures 1n an exemplary flash and scan process,
according to embodiments of the disclosure.

DETAILED DESCRIPTION

In the following description of examples, reference 1s
made to the accompanying drawings in which it 1s shown by
way ol 1llustration specific examples that can be practiced.
It 1s to be understood that other examples can be used and
structural changes can be made without departing from the
scope of the various examples.

Representative applications of methods and apparatus
according to the present disclosure are described in this
section. These examples are being provided solely to add
context and aid i the understanding of the described
examples. It will thus be apparent to one skilled 1n the art
that the described examples may be practiced without some
or all of the specific details. Other applications are possible,
such that the following examples should not be taken as
limiting.

Various techniques and process flow steps will be
described 1n detail with reference to examples as 1llustrated
in the accompanying drawings. In the following description,
numerous specific details are set forth 1n order to provide a
thorough understanding of one or more aspects and/or
features described or referenced herein. It will be apparent,
however, to one skilled 1n the art, that one or more aspects
and/or features described or referenced herein may be prac-
ticed without some or all of these specific details. In other
instances, well-known process steps and/or structures have
not been described 1n detail in order to not obscure some of
the aspects and/or features described or referenced herein.

As used throughout this specification, a reference number
without an alphabet character following the reference num-
ber can refer to one or more of the corresponding references,
the group of all references, or some of the references. For
example, “110” can refer to any one of the transmitting light
beams (e.g., first transmitting light beam 110A, second
transmitting light beam 110B, etc.), all of the transmitting,
light beams, or some (but not all) of the transmitting light
beam(s).

A ToF imaging system may use a flash-only process for
generating an 1mage ol the target scene. This flash-only
process mvolves emitting a single pulse of light or modu-
lated light to i1lluminate the target scene. In order to maintain
suflicient 1llumination intensity and suflicient reflection
light, the flash light source can illuminate very limited
portion of the target scene, or the reflective targets must be
located within a short distance (e.g., 10 meters) from the ToF
imaging system.

One way to extend the distance range capability of a ToF
imaging system without sacrificing 1ts angular field of view
may be to mmplement a scanning process. It would be
desirable to have a ToF 1maging system capable of imaging
a target while being compact, lightweight, cost friendly, and
robust. Embodiments of the disclosure include a ToF imag-
ing system that uses a MEMS mirror steered beamlet
patterning optics with reduced full-scale scanning. This
configuration reduces the mass of mertia and lidar imaging
processing needed without compromising frame rate or
reflection intensity (as conventional imaging systems do).
Exemplary ToF Imaging System

FIG. 1 illustrates a block diagram of an exemplary ToF
imaging system 100, according to embodiments of the
disclosure. This block diagram may be used to explain the
high-level details of the ToF imaging system, and more
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detailed descriptions are provided below. The ToF imaging
system 100 may emit light towards a target 140 and may
detect light returning (e.g., reflected) from the target 140.
The ToF mmaging system 100 may determine information
about the target 140, such as depth information, based on
one or more properties ol the return light.

The ToF imaging system 100 may include a light emission
apparatus 102 and a light receiving apparatus 120. When 1n
operation, the light emission apparatus 102 may emit one or
more transmitting light beams 110 towards a target 140. The
transmitting light beams 110 may illuminate a portion or the
entirety of the target 140. In some embodiments, the target
140 may be a three-dimensional (3D) object including, but
not limited to, a person’s face or body. A portion of the
transmitting light beams 110 may return (e.g., reflect) from
the target 140 as reflected light beams 112. The light
receiving apparatus 120 may recerve the one or more
reflected light beams 112.

The light emission apparatus 102 may include a light
source component 104 and first optics 108. The light source
component 104 may include one or more light sources and
may be configured to generate one or more light beams 107.
The light source component 104 may include one or more
controllers 105 and one or more light sources 106. The
controller(s) 105 may be electrically coupled to the light
source(s) 106 and may generate one or more control signals
103 to control the operation of the light source(s) 106.

The control signal(s) 103 may drive the light source(s)
106 to emit light with desired properties (e.g., pulse width,
pulse repetition rate, peak/average power, intensity/polarity/
wavelength modulation, etc.). The control signal(s) 103 may
cause the light source(s) 106 to operate in one or more
operation modes such as pulsed or continuously modulated
light.

When 1n operation, the light source(s) 106 may generate
the light beam(s) 107 in response to the control signal(s) 103
from the controller(s) 105. Exemplary type of light source
106 may include, but 1s not limited to, a vertical-cavity
surface emitting laser (VCSEL), an edge emitting laser
(EEL), a superluminescent diode (SLD), and a light emitting
diode (LED). The light source(s) 106 may be capable of
generating visible light, infrared (IR) light, near IR (NIR)
light (e.g., wavelength range from 780 nm to 1400 nm, or a
similar wavelength range as defined by a particular appli-
cation), short-wavelength IR (SWIR) light (e.g., wavelength
range from 1400 nm to 3000 nm, or a similar wavelength
range as defined by a particular application), or a combina-
tion thereol. In some embodiments, each light source 106
may be configured to emit one light beam 107. The light
source 106 may be a single laser package, for example. The
light beam(s) 107 generated by the light source component
104 may be transmitted to the first optics 108.

The first optics 108 may receive the light beam(s) 107
from the light source component 104 and may adjust one or
more properties of the light beam(s) 107. Adjusting one or
more properties may include, but 1s not limited to, beam
splitting, combining, steering, shaping, filter, diffusing,
modulating, and converting the wavelength(s) of the light
beam(s) 107. Exemplary optics in the first optics 108 may
include, but 1s not limited to, a diffuser, a lens, an aperture
window, a polarizer, a waveplate, a prism, a beam splitter, an
attenuator, any other suitable optical components, or a
combination thereof. The transmitting light beams 110 from
the first optics 108 may be directed towards the target 140.

In some embodiments, the light emission apparatus 102
may include a controller 109 for controlling at least one of
the first optics 108. The controller 109 may send control
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signals 101, for example. As discussed 1n more detail below
with respect to FIGS. 2A and 2B, the first optics 108 may
include one or more electronically-controlled mirrors (e.g.,
clectronically-controlled mirror 220), such as a microelec-
tromechanical (IMEMS) mirror. The controller may control 5
the movement (e.g., angle, movement rate, movement direc-
tion, etc.) of the electronically-controlled mirror 220. In
some embodiments, the controller may synchronize the
movement of the electronically-controlled mirror 220 with
the light source(s) 106. For example, the controller 109 can 10
control the electronically-controlled mirror 220 such that 1ts
movement has been stabilized betfore the light source(s) 106
generate a light beam. In some embodiments, a single
controller may be used to control both the electronically-
controlled mirror 220 and the light source(s) 106. In some 15
embodiments, the controller 109 may control the movement

of the electronically-controlled mirror 220 to achieve peri-
odic scanning of target regions of an area.

The target 140 may receive a portion or the entirety of the
transmitting light beams 110. Light may return (e.g., reflect) 20
from the target 140 as reflected light beams 112, towards the
light receiving apparatus 120.

The light receiving apparatus 120 may include second
optics 122, a detector 124, and an 1mage data processing
apparatus 126. The second optics 122 may receive the 25
reflected light beams 112 and may adjust one or more
properties of the reflected light beams 112. Adjusting one or
more properties may include, but 1s not limited to, beam
splitting, attenuating, combining, steering, shaping, filter,
focusing, modulating, switching, converting the 30
wavelength(s) of the light beam(s) 112, and a combination
thereol. Exemplary optics in the second optics 122 may
include, but 1s not limited to, a light guide, a micro lens, and
a wavelength filter (e.g., a bandpass filter).

The detector 124 may receive the reflected light beams 35
112 from the second optics 122 and may generate one or
more detector signals 1235 representative of the reflected
light beams 112. In some embodiments, the detector 124
may include an array of detector pixels. Detector 124 may
be any type of detector including, but not limited to, a 40
broadband detector, a narrow band detector, and a focal
plane array detector. The detector 124 may be capable of
detecting visible light, IR light, NIR light, SWIR light, or a
combination thereof. For example, the detector 124 may be
capable of detecting light at 460 nm+40 nm, 540 nm+40 nm, 45
620 nm+40 nm, 850 nm=40 nm, 940 nm+40 nm, greater
than 1 um (e.g., 1310 nm, 1350 nm), etc. An exemplary
detector may include, but 1s not limited to, a silicon detector,

a germanium-on-silicon (GeS1) detector, or an indium gal-
lium arsenide (InGaAs) detector. The details of example 50
detectors are disclosed 1n U.S. patent application Ser. No.
17/005,288, filed on Aug. 27, 2020, incorporated by refer-
ence. In some embodiments, each detector pixel may gen-
crate a respective detector signal 125.

The 1image data processing apparatus 126 may receive the 55
detector signal(s) 125, representative of the retlected light
beams 112 received by the detector 124. The image data
processing apparatus 126 may include one or more data
processors. The 1mage data processing apparatus 126 may
determine information about the target 140 (e.g., target 60
information) based on the detector signals 125. For example,
the 1mage data processing apparatus 126 may calculate the
image depth information of the target 140 based on the
detector signal(s) 125 from the detector 124. In some
embodiments, the distance between the ToF imaging system 65
100 and the target 140 may be determined based on the
phase shift between the transmitting light beams 110 and the

6

reflected light beams 112. The image depth information may
be based on this distance, for example. The i1mage data
processing apparatus 126 may stitch information from mul-
tiple sub-frame exposures to construct the target informa-
tion, which may include one or more of image depth
information, a 3D 1mage, etc., as discussed below. In some
embodiments, the image data processing apparatus 126 may
also obtain spectrum information of the transmitting light
beams 110. The target information may be constructed by
illuminating different regions of the target 140 during dii-
ferent sub-frame exposures, determining the distance
between the ToF imaging system 100 and the target 140 for
cach region, and then stitching the image depth information
together. In some embodiments, the 3D 1mage may be
constructed 1n a single frame exposure. A single frame
exposure may include multiple sub-frame exposures, for
example.

FIG. 2A illustrates an exemplary configuration for first
optics 108 included 1n a light emission apparatus (e.g., light
emission apparatus 102 of FIG. 1), according to embodi-
ments of the disclosure. The first optics 108 may include at
least an optical splitter 222 (e.g., an optical diffuser or a
diffractive optical element) and an electronically-controlled
mirror 220. The optical splitter 222 receives the light
beam(s) reflected from the electronically-controlled mirror
220 and may split 1t into multiple transmitting light beams
(e.g., 110A, 110B, 110C) directed towards the target 140 to
obtain a desirable FOV. In some embodiments, the first
optics 108 include a polarizer 210, a polarization beam
splitter 212, a quarter-waveplate 214, a mirror 218, an
clectronically-controlled mirror 220, and an optical splitter
222. In some embodiments, the first optics 108 may further
include a lens 216. In some embodiments, the first optics 108
may be located adjacent to the light source component 104,
which may lead to a ToF 1imaging system 100 that 1s more
compact and has reduced complexity in terms ol assembly
and alignment.

The polarizer 210 may receive one or more light beam(s)
107 from a light source component (e.g., light source
component 104 of FIG. 1), as further discussed below with
respect to FIGS. 3A and 3B. In some embodiments, the
polarizer 210 may allow a specific polarization of the light
beam(s) 107 to pass through and may block out other
polarizations.

The polarization beam splitter 212 may receive the light
beam(s) from the polarizer 210 and may direct the light
beam(s) to the quarter-waveplate 214.

The quarter-waveplate 214 may receive the light beam(s)
from the beam splitter 212 and may change one or more
properties, such as the polarization state or phase.

The lens 216 may receive the light beam(s) from the

quarter-waveplate 214 and may adjust one or more proper-
ties. In some embodiments, the lens 216 may focus, colli-
mate, or expand the light beam(s) and direct the light
beam(s) to mirror 218. Exemplary types of lens 216 may
include, but 1s not limited to, a focusing lens, a slow-axis
collimator and a fast-axis collimator.
The mirror 218 may receive the light beam(s) from the
polarization beam splitter 212 or from the lens 216 and may
redirect 1t to the electronically-controlled mirror 220. In
some embodiments, the mirror 218 may be a stationary
MIrror.

The electronically-controlled mirror 220 may receive the
light beam(s) from the mirror 218 and may redirect it back
to the mirror 218. The electronically-controlled mirror 220
may receive one or more signals for adjusting one or more
of 1ts properties (e.g., amount of tilt). For example, the
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clectronically-controlled mirror 220 may receive a current
signal that adjusts its position (e.g., tilt), which may change
the angle of the light beam(s) reflected from the electroni-
cally-controlled mirror 220. In some embodiments, for a
given FOV, the range of tilt of the electronically-controlled
mirror 220 during a frame exposure may be less than for a
mechanical mirror. In some embodiments, the range of talt of
the electrically-controlled mirror 220 may be between 10°-
20°. The electronically-controlled mirror 220 may be
capable of changing its position faster than a mechanical
mirror, to change the angle(s) of the light beam(s), thereby
allowing the ToF imaging system 100 to operate with a
higher frame rate, such as higher than 30 Hz, as one
non-limiting example. In some embodiments, changing the
position ol the electronically-controlled mirror 220 may
include rotating the electronically-controlled mirror about
one or more axes.

The ToF imaging system 100 may be more suitable for a
portable device than a conventional ToF imaging system.
For example, the disclosed ToF imaging system 100 may be
lighter and more compact. In some embodiments, the elec-
tronically-controlled mirror 220 may be the only moving
part 1n the light emission apparatus 102, the ToF imaging
system 100, or both. In some embodiments, the electroni-
cally-controlled mirror 220 may be a solid-state electroni-
cally-controlled mirror. The electronically-controlled mirror
220 may reduce the size and/or number of optics needed 1n
the ToF imaging system 100 without compromising perior-
mance 1n combination with the optical splitter 222, such as
FOV, FOR, or the like. Embodiments of the disclosure may
include a ToF imaging system 100 having a higher SNR and
a higher frame rate than a conventional ToF 1imaging system.

After the light beam(s) 1s reflected back from the elec-
tronically-controlled mirror 220, the mirror 218 may receive
the light beam(s) from the electronically-controlled mirror
220 and may redirect 1t towards the lens 216. The lens 216
may receive the light beam(s) from the mirror 218 and may
adjust one or more properties. In some embodiments, the
lens 216 may be a multi-purpose lens that focuses the light
beam(s) directed to mirror 218 and collimates the light
beam(s) received from the electronically-controlled mirror
220, depending on the path of the light beam(s). The
quarter-waveplate 214 may receive the light beam(s) from
the lens 216 and may direct 1t to the polarization beam
splitter 212. The beam splitter 212 may receive the light
beam(s) from the quarter-waveplate 214 (where the light
beam(s) has experienced a 90-degree phase-shift) and may
direct it towards the optical splitter 222. The optical splitter
222 may receive the light beam(s) from the beam splitter 212
and may split 1t into multiple transmitting light beams 110
(c.g., at least three transmitting light beams 110). For
example, the optical splitter 222 may generate first trans-
mitting light beam 110A, second transmitting light beam
110B, and third transmitting light beam 110C. The first
transmitting light beam 110A, the second transmitting light
beam 110B, and the third transmitting light beam 110C may
form the transmitting light beams 110 directed towards the
target 140. Exemplary optical splitters 222 may include, but
1s not limited to, a difluser or a grating.

The ToF 1maging system 100 may have reduced power
consumption compared to a conventional ToF 1maging sys-
tem. Since the beam splitter 212 splits the light beam(s) 1nto
multiple light beams 110, the light source(s) 106 may be
operated with lower output power without compromising
performance, such as FOV, FOR, SNR, resolution, frame
rate, elc.
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In some embodiments, the first optics 108 may separate
the beams such that there 1s a non-zero angle 114 (e.g.,
spatially separated) between adjacent transmitting light
beams 110. For example, the optical splitter 222 may create
an angle 114 of not higher than 40° (e.g., 10°-20°) between
adjacent transmitting light beams 110 (e.g., {irst transmitting
light beam 110A and second transmitting light beam 110B).
The angle 114 may be measured from the center of the
transmitting light beams 110. In some embodiments, during
a sub-frame exposure, the transmitting light beams 110 may
illuminate one or more regions of the target 140 (e.g.,
illuminated regions), and the first optics 108 may separate
the transmitting light beams 110 such that there are non-
illuminated regions of the target 140 between illuminated
regions.

The FOV of all the transmitting light beams 110 combined
together may be greater than the FOV of each individual
transmitting light beam 110. For example, the FOV of all
transmitting light beams 110 combined together may be 120
degrees, as one non-limiting example.

In some embodiments, the first optics 108 may change the
shape, size, or both, of the light beam(s) 107. In some
embodiments, the first optics 108 may change the shape,
s1ze, or both of each transmitting light beam 110. Exemplary
shape may include, but 1s not limited to, rectangular, ellip-
tical, circular, and the like.

In some embodiments, the first optics 108 may be con-
figured with distances between components based on one or
more focal lengths. FIG. 2B 1illustrates a block diagram of
first optics 108 included 1n a light emission apparatus (e.g.,
light emission apparatus 102 of FIG. 1), according to
embodiments of the disclosure. The electronically-con-
trolled mirror 220 may be located a distance d2 away from
the lens 216. The optical splitter 222 may be located a
distance d1 away from the lens 216. In some embodiments,
distance d1, distance d2, or both may correspond to the focal
length of the lens 216. The optical splitter 222 may split the
light beams and output the plurality of light beams 110A,
110B, and 110C. As an example, 11 the light beam(s) 107 1s
a collimated beam having a beam waist that 1s larger than the
diameter of the electronically-controlled mirror 220, the lens
216 may be placed along the optical path to focus the light
beam(s) onto the electronically-controlled mirror 220. As
another example, 1t the light beam(s) 107 1s a diverging
beam, the lens 216 may be placed along the optical path to
collimate the diverging beam(s) mto a collimated beam
having a beam waist close to the electronically-controlled
mirror 220, and direct the collimated beam towards the
clectronically-controlled mirror 220. Although not shown 1n
FIG. 2B, in some implementations, other optical elements
(e.g., the polarization beam splitter 212, the quarter-wave-
plate 214, and/or the mirror 218) may be placed along the
optical path.

FIG. 3A illustrates an exemplary configuration for a light
source 106, according to embodiments of the disclosure. The
light source 106 A may be a surface emitting laser, such as
a VCSEL. The VCSEL diode 106A may emit a light beam
having a circular shape. The VCSEL diode 106 A may emit
light beam(s) towards a mirror 224. The mirror 224 may
receive the light beam(s) from the VCSEL diode 106 A and
may redirect it to a lens 226, for example. The lens 226 may
receive the light beam(s) and may adjust one or more
properties. For example, the lens 226 may collimate and/or
focus the light beams. The lens 226 may then transmit the
light beam(s) 107 towards the first optics 108.

Alternatively, 1n some embodiments, the light source
1068 may be an edge emitting laser (EEL). An exemplary
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configuration for a light source including an EEL 1s shown
in FIG. 3B. The EEL diode 106B may emit light beam(s)

towards lens 226. An EEL diode 106B may emit a light

beam having an elliptical shape. The light beam(s) from the
EEL diode 106B may be transmitted to lens 226, which may
receive the light beam(s) and may adjust one or more
properties. For example, the lens 226 may collimate and/or
focus the light beams. The lens 226 may then transmit the
light beam(s) 107 towards the first optics 108.

After one or more beams are emitted by a light source
component 104 (such as shown i FIGS. 3A and 3B) and

pass through first optics 108 (such as shown in FIGS. 2A and

2B), light may return (e.g., reflect) from the target 140 as
reflected light beams 112, towards the light receiving appa-
ratus 120 having a detector 124. The detector 124 may
include any array of detector pixels. FIG. 4 illustrates a top
view ol an exemplary detector, target, or both, according to
embodiments of the disclosure and as discussed below. This
disclosure discusses the detector pixels 1n terms of groups of
detector pixels and sets of detector pixels. A group refers to

detector pixels that are illuminated by the same reflected
light beam 112. Different groups may be illuminated by
different reflected light beams 112 during the same sub-
frame exposure. By 1lluminating multiple groups during the
same sub-irame exposure, the time for a frame exposure
may be reduced (relative to a ToF 1imaging system using a
scanning process, for example).

A set of detector pixels refers to detector pixels that are
included 1n a group. Different sets within a group may be
illuminated by the same reflected light beam during different
sub-frame exposures. By illuminating different sets within a
group during different sub-frame exposures, the resolution
of the ToF imaging system may be enhanced (relative to a
ToF 1maging system using a ftlash-only process, for
example).

In some embodiments, the number of groups of detector
pixels may be equal to the number of transmitting light
beams 110 split by the first optics 108. For example, as
shown FIG. 4, the detector 124 may include three groups of
detector pixels: a first group 144A, a second group 145B,
and a third group 146C. Each group may receive a diflerent
reflected light beam 112 during a sub-frame exposure. For
example, the first group 144 A may receive a first retlected
light beam 112A, the second group 145B may receive a
second reflected light beam 112B, and a third group 146C
may recerve a third reflected light beam 112C (not shown in
FIG. 4).

As discussed, a group may include one or more sets of one
or more detector pixels. For example, the first group 144A
may include a first set 134A-1, a second set 134A-2, a third
set 134A-3, and a fourth set 134A-4. In some embodiments,
the number of sets may be equal to the number of sub-frame
exposures 1n a frame exposure. For example, the detector
pixels within a group may be assigned to four sets, and a
frame exposure may include four sub-frame exposures.

As discussed 1n more detail below, 1n some embodiments,
cach set within a group may receive a respective retlected
light beam 112 at a different time (e.g., a different sub-frame
exposure). For example, the first set 134A-1 may receirve the
first reflected light beam 112A at a first sub-frame exposure
T1, the second set 134A-2 may receive the first reflected
light beam 112 A during a second sub-frame exposure 12, the
third set 134A-3 may receive the first reflected light beam
112 A during a third sub-frame exposure T3, and a fourth set
134A-4 may receive the first reflected light beam 112A

during a fourth sub-frame exposure T4.
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A set 134 may include one or more detector pixels. For
example, the first set 134A-1 may include detector pixels
154A-1, 154A-2, 154A-3, and 154A-4. In some embodi-
ments, each of the sets within a group may have the same
number of detector pixels.

One exemplary assignment of the detector pixels 1n
groups and sets 1s shown 1n FIG. 4. In the example shown,
cach group includes multiple (e.g., four) sets, and each set
includes multiple (e.g., four) detector pixels. Embodiments
of the disclosure may include other assignments; another
example 1s provided 1n FIG. 8 and discussed below.

In some embodiments, the regions of the target 140 may
be 1lluminated by transmitting light beams 110 1n a corre-
sponding manner as the reflected light beams 112 are
incident on the detector pixels. FIG. 4 may be illustrative of
the regions of the target 140 1lluminated by the transmitting
light beams 110. Embodiments of the disclosure include
illuminating multiple regions of the target during the same
sub-frame exposure. Additionally or alternatively, multiple
sub-regions of the target may be 1lluminated during the same
sub-frame exposure.

Exemplary Operation of a ToF Imaging System

Embodiments of the disclosure may include operating a
ToF imaging system using a flash and scan process. FIG. 5
illustrates a flow chart of an exemplary flash and scan
process 450, according to embodiments of the disclosure.

In step 452, the light emission apparatus 102 may perform
a flash step by having the light source component 104
generate a light beam 107. During a flash step, the light
source component 104 turns on, and the light emission
apparatus 102 begins illuminating one or more regions of a
target 140 with one or more transmitting light beams 110. In
some embodiments, the electronically-controlled mirror 220
may be stationary during the flash step. The electronically-
controlled mirror 220 may be kept stationary during a
sub-frame exposure, for example. In some embodiments, a
controller may configure the position of the electronically-
controlled mirror 220 before the flash step (e.g., sub-frame
exposure) begins.

The first optics 108 may split the light beam 107 from the
light source component 104 into multiple transmaitting light
beams 110 emitted towards the target 140 (step 454 of
process 450). The power of the light beam 107 from the light
source component 104 may be split among the transmitting,
light beams 110. Each of the transmitting light beams 110
may have a smaller spot size and higher power light beam
(than a non-split light beam). This higher power light beams
may result 1n enhanced SNR without compromising power
consumption.

The use of multiple transmaitting light beams may result 1n
a wider FOV. The multiple transmitting light beams may
illuminate multiple regions of the target (and the corre-
sponding reflected light beams may be incident on multiple
groups of detector pixels) during the same sub-frame expo-
sure, reducing the time for a frame exposure and 1ncreasing
the frame rate. In some embodiments, the ToF 1maging
system may illuminate sub-regions of the target (and the
corresponding reflected light beams may be incident on
multiple sets of detector pixels) during the same sub-irame
exposure, enhancing the resolution.

In some embodiments, the first optics 108 may change or
maintain one or more properties (e.g., shape, size, etc.) of the
light beam 107, the transmitting light beams 110, or both.
For example, the shape of a transmitting light beam 110 may
be rectangular. The first optics 108 may receive a circular
light beam (e.g., from a VCSEL diode) or an elliptical light
beam (e.g., from an EEL diode) and may include an elliptical
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lens to change the shape of the light beam (e.g., rectangular,
square, elliptical, circular, etc.).

One or more portions of the transmitting light beams 110
return from (e.g., reflect) the target 140 as reflected light
beams 112 (step 456 of process 450). For example, a first
reflected light beam 112A may be a return of a first trans-
mitting light beam 110A, a second reflected light beam 112B
may be a return of a second transmitting light beam 110B,
and a third reflected light beam 112C may be a return of a
third transmitting light beam 110C.

A light receiving apparatus 120 may include a detector
124 having an array of detector pixels. One or more detector
pixels may receive the reflected light beams 112 and may
generate one or more detector signals, representative of the
reflected light beams 112 (step 458 of process 450).

In some embodiments, the detector 124 may be on when
illuminated by reflected light beams 112 and off when not
illuminated. Embodiments of the disclosure may include
configuring one or more targeted detector pixels of the
detector array 124 to be on while other detector pixels are
ofl. For example, detector pixels of the first set 134A-1 may

¢ targeted detector pixels that are on during the first
sub-frame exposure 11 (as shown by the shading of FIG. 6),
while the second set 134A-2 may be ofl. In this manner, 1
the second set 134A-2 receives a portion of first reflected
light beam 112A, it may not generate detector signals. By
configuring some detector pixels to be off during a sub-
frame exposure, generation of signals representative of
residual (e.g., unwanted scatter) incident light may be
reduced, and the accuracy of the target information may be
enhanced.

In some embodiments, different detector pixels may
receive different retlected light beams. FIG. 6 illustrates a
top view of a detector for multiple sub-frame exposures in
an exemplary flash and scan process, according to embodi-
ments ol the disclosure. The same sets of detector pixels
from different groups may receive diflerent reflected light
beams 112. For example, first set 134A-1 of group 144A
may receive first reflected light beam 112 A, first set 135B-1
of group 145B may receive second reflected light beam
112B, and a first set 136C-1 of group 146C may receive a
third reflected light beam 112C.

In some embodiments, the spot size of at least one
transmitting light beam 110 (generated 1n step 452) may be
larger than the size of a single detector pixel, allowing the
transmitting light beam to be incident on multiple detector
pixels. For example, during a first sub-frame exposure T1,
the first reflected light beam 112A may be incident on the
first set 134A-1. As shown 1n the figure, the first set 134A-1
may 1nclude multiple detector pixels (e.g., detector pixels
154A-1, 154A-2, 154A-3, and 154A-4 of FIG. 4), so the
plurality of detector pixels within the first set 134A-1 may
be 1lluminated by the reflected light beam 112 during the first
sub-frame exposure T1.

Returning back to FIG. 5, 1n step 460, the ToF 1maging
system 100 may determine whether the end of the frame
exposure has been reached. If not, then the ToF imaging
system 100 may proceed to the next sub-frame exposure.

In step 462, the light emission apparatus 102 may perform
a scan step by changing the position of the electronically-
controlled mirror 220. When the electronically-controlled
mirror 220 changes 1ts position, it changes the angle(s) of the
light beam (including transmitting light beams 110 split by
the first optics 108). The change 1n angle(s) may result in
moving the transmitting light beams 110, which may then
change the illumination region(s) of the target 140. The
reflected light beams 112 may also move. The use of an
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clectronically-controlled mirror to scan the transmitting
light beams may result in reduced weight, power, and size.

The change in position of the electronically-controlled
mirror 220 and the movement of the reflected light beams
112 may be 1n one or more directions. For example, the first
reflected light beam 112A may move to the right during a
second sub-frame exposure 12 and may be incident on a
second set 134A-2 (of the first group 144A), as shown 1n
FIG. 6. In some embodiments, the movement of the reflected
light beams 112 may be along a predetermined path (e.g., 1n
one direction such as to the right, or 1n multiple directions
such as creating a one-dimensional or two-dimensional
pattern that resembles the letter S, the letter Z, a zigzag, etc.).
In this manner, the 1lluminated regions scanned by the ToF
imaging system may be divided hornizontally, vertically, or
both, which may result in enhanced SNR, higher FOR, or
both without increasing the amount the electronically-con-
trolled mirror moves.

In some embodiments, the change in position of the
clectronically-controlled mirror 220 may also move the
other reflected light beams 112, such as the second retlected
light beam 112B and the third reflected light beam 112C. For
example, during the second sub-frame exposure 12, the
second reflected light beam 112B may be incident on a
second set 1335B-2 (of the second group 145B), and the third
reflected light beam 112C may be incident on a second set
136C-2 (of the third group 146C).

In subsequent sub-frame exposures, step 462 may con-
tinue moving the transmitting light beams 110 along a
predetermined path (e.g., to the right relative to the flash step
452 for the same frame exposure). For example, during the
third sub-frame exposure T3, the first reflected light beam
112A may be mncident on a third set 134A-3 (of the first
group 144A), the second reflected light beam 112B on a
third set 135B-3 (of the second group 145B), and the third
reflected light beam 112C on a thurd set 136C-3 (of the third
group 146C). During the fourth sub-frame exposure T4, the
first reflected light beam 112A, the second reflected light
beam 112B, and the third reflected light beam 112C may be
incident on the fourth sets 134A-4, 135B-4, and 136C-4,
respectively.

In some embodiments, the electronically-controlled mir-
ror 220 may change to a predetermined position (e.g.,
change its tilt to a predetermined angle at predetermined
time 1ntervals). For example, the electronically-controlled
mirror 220 may have a tilt of 10° during the first sub-frame
exposure 11 (flash step), a tilt of 12° during the second
sub-frame exposure 12 (scan step), a t1lt of 14° durning the
third sub-frame exposure T3 (scan step), and a tilt of 16°
during the fourth sub-frame exposure 14 (scan step). Each
predetermined tilt may correspond to a different sub-frame
exposure. The predetermined time intervals may be between
sub-frame exposures so that the electronically-controlled
mirror 220 does not move during a sub-frame exposure.

The total scanning angle of a given transmitting light
beam 110 for a frame exposure may be small (e.g., less than
10°). In some embodiments, the total scanning angle of a
grven transmitting light beam 110 may be equal to the angle
114 between adjacent transmitting light beams 110 from the
first optics 108.

Referring back to FIG. 5, when the end of the frame
exposure has not been reached, steps 454-460 are repeated
for subsequent scan steps. In some embodiments, the light
source component 104 and the 1llumination of 1ts light beam
107 (generated during a flash step) are maintained during a
scan step. For example, the properties of the light beam 107
may be the same during all scan steps of a frame exposure,
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including the light beam 107 not being turned ofl until the
end of the frame exposure. In some embodiments, the pulse
width of the light source 106 may be greater than or equal
to the duration of a frame exposure.

In this manner, in a frame exposure, a first set (e.g., first
set 134A-1) receives a reflected light beam (e.g., first
reflected light beam 112A) during a tlash step of a first
sub-frame exposure T1. One or more other sets of detector
pixels (e.g., second set 134A-2, third set 134 A-3, and fourth
set 134A-4) receive the reflected light beam 112A during
one or more scan steps of subsequent sub-frame exposures
(¢.g., second sub-frame exposure 12, third sub-frame expo-
sure 13, fourth sub-frame exposure T4, etc.). The light
source component 104 turns on for the flash step and
maintains i1llumination for the scan step(s).

If the end of the frame exposure has been reached
(determined 1n step 460), the image data processing appa-
ratus 126 stitches together information from the sub-frame
exposures to construct the target information (step 464 of
process 450), for example Embodiments of the disclosure
include using signal averaging, spatial binning, or both for
the stitching. A peak signal filtering may prevent low outliers
of signal strength from joiming the signal averaging along
the temporal axis for the same pixels. The peak signal
filtering may additionally or alternatively prevent low out-
liers of signal strength from joining the spatial binning for
adjacent pixels around peak signal pixels. The result may be
a larger FOR. In some embodiments, at the end of a frame
exposure, all detector pixels 1n the detector 124 have been
1lluminated.

A frame exposure may comprise multiple sub-frame
exposures. For example, one frame exposure may comprise
four sub-frame exposures. In some embodiments, a single
frame exposure may comprise one flash step and at least one
(e.g., multiple) scan steps. In some embodiments, a single
frame exposure may comprise at least one (e.g., multiple)
flash steps.

In some embodiments, the target 140 may be scanned
multiple times, e.g., to enhance the accuracy of the target
information. Process 450 may be repeated, and the ToF
imaging system 100 may capture multiple frame exposures.
The 1image data processing apparatus 126 may construct the
target information between frame exposures, or may wait
until after multiple frame exposures have been captured.

In some embodiments, information from a first frame
exposure may be used to control the electronically-con-
trolled mirror 220 for a second frame exposure. For
example, the first frame exposure may capture a rough
image ol the target 140, such as determining whether and
where the target 140 1s located in the scene. The ToF
imaging system 100 may adjust one or more properties of
the electronically-controlled mirror 220 for the second frame
exposure to capture a more accurate 1mage of the target 140.
The movement of the electronically-controlled mirror 220
may change, such as using a slower movement rate and/or
a smaller t1lt between sub-frame exposures), for the second
frame exposure to increase the resolution.

FIG. 7A illustrates an exemplary light power distribution
at the detector 124 using any of the disclosed flash and scan
processes, according to embodiments of the disclosure. As
discussed above, the ToF imaging system 100 may capture
multiple sub-frame exposures 1n a single frame exposure.
During a sub-frame exposure, diflerent sets of detector
pixels may receive different incident reflected beams 112. A
group of detector pixels may receive the same retlected light
beam 112. One set 1n a group may receive a reflected light
beam 112 during a flash step, and other sets of detector
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pixels 1n the group may receive the retlected light beam 112
during subsequent scan steps. The flash step may be one
sub-frame exposure, and the subsequent scan steps may be
multiple sub-frame exposures.

For example, during the first sub-frame exposure T1, the
first sets 134A-1, 135B-1, and 136C-1 for groups 144A,
1458, and 146C, respectively, may receive reflected light
beams 112A, 112B, and 112C, respectively and as shown,
and may generate corresponding detector signals. During the
second sub-frame exposure 12, the second sets 134A-2,
135B-2, and 136C-2 for groups 144A, 145B, and 146C,
respectively, may receirve reflected light beams 112A, 112B,
and 112C, respectively. Similarly, during the third sub-frame
exposure 13, the third sets 134A-3, 135B-3, and 136C-3 for
groups 144A, 1458, and 146C, respectively, may receive
reflected light beams 112A, 112B, and 112C, respectively.
During the fourth sub-frame exposure T4, the fourth sets
134A-4, 135B-4, and 136C-4 for groups 144A, 1458, and
146C, respectively, may receive reflected light beams 112A,
1128, and 112C, respectively.

Embodiments of the disclosure may include performing
multiple scans of a selected target region(s) to enhance SNR
and resolution. FIG. 7B 1illustrates an exemplary light power
distribution at the detector 124, according to embodiments
of the disclosure. The ToF imaging system 100 may select
one or more target regions to 1mage during multiple sub-
frame exposures 1n a given frame exposure. The correspond-
ing detector pixel(s) may similarly receive a reflected light
beam during multiple sub-frame exposures.

For example, as shown in FIG. 7B, the detector pixel
134 A-2 may receive a reflected light beam corresponding to
the selected target region. In some embodiments, 1n between
imaging the selected targeted region, the ToF 1imaging sys-
tem may 1mage surrounding regions. For example, the ToF
imaging system may image the selected target region during
the first sub-frame exposure 1T1. The electronically-con-
trolled mirror 220 may move the transmitting light beam to
image a region to the right of the selected target region 1n the
second sub-frame exposure T2, and the detector pixel
134 A-3 may generate the corresponding detector signal(s).
For the third sub-frame exposure T3, the electronically-
controlled mirror 220 may move the transmitting light beam
back to the selected target region, and the detector pixel
134 A-2 may generate the corresponding detector signal(s).
For the fourth sub-frame exposure T4, the electronically-
controlled mirror 220 may move the transmitting light beam
to 1mage a region to the left of the selected target region, and
the detector pixel 134A-1 may generate corresponding
detector signal(s). Then, for the fifth sub-frame exposure 15,
the selected target region may be imaged again, and the
detector signal from the detector pixel 134A-2 may be
representative.

In some embodiments, the electronically-controlled mir-
ror 220 may move the transmitting light beams 110 in
multiple directions, such as horizontal and vertical direc-
tions. The detector pixels may be assigned such that each
group includes one or more sets, and each set includes a
single detector pixel, as shown in FIG. 8. Regions of the
target 140 may be similarly assigned. Embodiments of the
disclosure may include each set including multiple detector
pixels (not shown), and the electromically-controlled mirror
220 moving the transmitting light beams 110 1n both hori-
zontal and vertical directions.

As shown FIG. 8, the detector 124 may include three
groups of detector pixels: a first group 164 A, a second group
1658, and a third group 166C. In some embodiments, each
group may receive a different reflected light beam 112
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during a frame exposure. For example, the first group 164A
may receive a first reflected light beam 112A, the second
group 165B may recerve a second reflected light beam 112B,
and a third group 166C may receive a third reflected light
beam 112C.

The first group 164A may include a first set 174A-1, a
second set 174A-2, a third set 174A-3, etc. Although the

figure 1llustrates the first group 164 A as including 16 sets,
embodiments of the disclosure may include any number of
sets. In some embodiments, each set within a group may
receive a respective retlected light beam 112 during different
sub-frame exposures.

FIG. 9 illustrates a top view of a detector for multiple
sub-frame exposures 1n an exemplary tlash and scan process,
according to embodiments of the disclosure. Detector pixels
arranged along a direction 1n the detector may be associated
with different sets of detector pixels. For example, detector
pixel 174A-1 may be 1n a first set captured during a first
sub-frame exposure 11, detector pixel 174A-2 may be 1n a
second set captured during a second sub-irame exposure 12,
detector pixel 174A-3 may be 1n a third set captured during
a third sub-frame exposure T3, detector pixel 174 A-4 may
be 1n a fourth set captured during a fourth sub-frame
exposure T4. Between the first and fourth sub-frame expo-
sures 11-T4, the electronically-controlled mirror 220 may
move the transmitting light beams 110 in one direction (e.g.,
to the right).

For the next, fifth sub-frame exposure T3S, the electroni-
cally-controlled mirror 220 may change its position 1n
multiple directions (e.g., to the left and down) so that the
fifth detector pixel 174A-5 may receive the first reflected
light beam 112A. The electronically-controlled mirror 220
may continue changing its position for subsequent sub-
frame exposures until some or all of the detector pixels 1n a
group receive the retlected light beam 112, such as the Nth
detector pixel 174 A-N (where N 1s an 1nteger) recerving the
first reflected light beam 112A during the Nth sub-frame
exposure TN. The electronically-controlled mirror 220 may
then reset to the mnitial position (e.g., programmed for the
first set) for the next frame exposure.

In some embodiments, the regions of the target 140 may
be 1lluminated by transmitting light beams 110 1n a corre-
sponding manner as the reflected light beams 112 are
incident on the detector pixels. FIG. 8 may be illustrative of
the regions of the target 140 i1lluminated by the transmitting
light beams 110.

The above disclosed ToF imaging system and methods for
operation thereof may have a higher SNR, wider FOV, and
lower power consumption due to the use of multiple, spa-
tially separated transmitting light beams for imaging a
target. In some embodiments, the ToF 1maging system may
have a higher frame rate due to 1lluminating multiple regions
of the target during the same sub-frame exposure. The ToF
imaging system may use an electronically-controlled mirror
to perform one or more scan steps. The electronically-
controlled mirror may scan different regions of the target at
a high speed, increasing the frame rate. The electronically-
controlled mirror may also reduce the weight, power, and
s1ze of the ToF 1imaging system. In some embodiments, the
ToF 1maging system may have a higher resolution due to
illuminating sub-regions of the target and/or selectively
perform multiple scans of certain target regions. The ToF
imaging may also have a larger FOR due to use of scan steps
and the 1image data processing apparatus stitching together
information from multiple sub-frame exposures.

A time of flight (ToF) imaging system 1s disclosed. The
ToF 1maging system comprises: a light emission apparatus,

10

15

20

25

30

35

40

45

50

55

60

65

16

the light emission apparatus comprising: a light source
component mncluding a light source, the light source com-
ponent that generates a light beam when 1n operation, an
optical splitter that splits the light beam generated by the
light source component into multiple transmitting light
beams and directs the multiple transmitting light beams to a
target, and an electronically-controlled mirror that moves
the multiple transmitting light beams; and a light receiving,
apparatus, the light receiving apparatus comprising: a detec-
tor that receives multiple reflected light beams from the
target when 1n operation and generates one or more detector
signals, wherein the multiple reflected light beams are a
portion of the multiple transmitting light beams, and the one
or more detector signals are representative of the multiple
reflected light beams; and an 1mage data processing appa-
ratus that constructs target information based on the one or
more detector signals from multiple sub-frame exposures.
Additionally or alternatively, in some embodiments, the
clectronically-controlled mirror 1s a microelectromechanical
(MEMS) mirror that changes positions for different sub-
frame exposures. Additionally or alternatively, in some
embodiments, the ToF imaging system further comprises
optics that change one or more properties of the light beam
or the multiple transmitting light beams, the one or more
properties being one or more of a shape and a size. Addi-
tionally or alternatively, in some embodiments, during each
of the multiple sub-frame exposures, the multiple transmiut-
ting light beams 1lluminate different regions of the target.
Additionally or alternatively, 1n some embodiments, adja-
cent transmitting light beams of the multiple transmitting
light beams are separated by a non-zero angle. Additionally
or alternatively, in some embodiments, the detector includes
multiple groups of detector pixels, each group receives a
different reflected light beam of the multiple reflected light
beams during a sub-frame exposure of the multiple sub-
frame exposures. Additionally or alternatively, in some
embodiments, each group includes multiple sets of detector
pixels, wherein each set includes multiple detector pixels.
Additionally or alternatively, in some embodiments, a spot
s1ze ol at least one of the multiple transmitting light beams
1s larger than a size of a single detector pixel in the detector.

A method of operating a time of flight (ToF) 1maging
system 1s disclosed. The method comprises: capturing target
information of a target during one of multiple sub-frame
exposures, the multiple sub-frame exposures included 1n a
frame exposure, wherein the capturing the target informa-
tion comprises: performing a flash step or a scan step,
wherein the tlash step comprises generating a light beam,
and the scan step comprises moving the light beam by
changing a position of an electronically-controlled mirror of
the ToF 1imaging system; splitting the light beam 1nto mul-
tiple transmitting light beams; recerving multiple reflected
light beams, the multiple reflected light beams being a return
of the multiple transmitting light beams; generating one or
more detector signals, the one or more detector signals
representative of the multiple reflected light beams; repeat-
ing the capturing step until an end of the frame exposure;
and stitching together the target information from the one or
more detector signals from the multiple sub-frame expo-
sures, wherein the frame exposure comprises at least one
flash step and at least one scan step. Additionally or alter-
natively, 1n some embodiments, the flash step further com-
prises keeping the electronically-controlled mirror of the
ToF imaging system stationary during the flash step. Addi-
tionally or alternatively, in some embodiments, the scan step
further comprises maintaining an illumination of the light
beam generated by the flash step. Additionally or alterna-
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tively, 1n some embodiments, the frame exposure comprises
multiple scan steps, and the light beam 1s moved along
multiple directions for the multiple scan steps. Additionally
or alternatively, 1n some embodiments, generating the light
beam comprises operating a light source with a pulse width,
the pulse width greater than or equal to a duration of the
frame exposure. Additionally or alternatively, mn some
embodiments, during each of the multiple sub-frame expo-
sures, the multiple transmaitting light beams illuminate dif-
terent regions of the target. Additionally or alternatively, 1in
some embodiments, the frame exposure comprises multiple
tflash steps.

A light emission apparatus 1s disclosed. The light emis-
s10n apparatus comprises: a light source that outputs a light
beam when 1n operation, wherein the light source generates
the light beam during a flash step and maintains the light
beam during a scan step; a controller electrically coupled to
the light source, the controller generates one or more control
signals to control the operation of the light source; and an
optics component comprising: an optical splitter that splits
the light beam into multiple transmitting light beams, and an
clectronically-controlled mirror that moves the multiple
transmitting light beams in the scan step. Additionally or
alternatively, 1n some embodiments, the electronically-con-
trolled mirror 1s a MEMS muirror. Additionally or alterna-
tively, in some embodiments, the optical splitter splits the
light beam into at least three transmitting light beams.
Additionally or alternatively, in some embodiments, the
clectronically-controlled mirror 1s capable of moving the
multiple transmitting light beams in multiple directions.
Additionally or alternatively, in some embodiments, the
controller further controls the movement of the electroni-
cally-controlled mirror.

Although the disclosed examples have been fully
described with reference to the accompanying drawings, 1t 1s
to be noted that various changes and modifications will
become apparent to those skilled 1n the art. Such changes
and modifications are to be understood as being included
within the scope of the disclosed examples as defined by the
appended claims.

The 1nvention claimed 1s:

1. A time of tlight (ToF) imaging system configured to
obtain target information 1n a frame exposure which com-
prises multiple sub-frame exposures, the ToF 1imaging sys-
tem comprising:

a light emission apparatus configured to perform a flash
step during a first sub-frame exposure of the multiple
sub-frame exposures and a plurality of scan steps
during any other sub-frame exposures of the multiple
sub-frame exposures, the light emission apparatus com-
prising:

a light source component including a light source, the
light source component that generates a light beam
during the flash step and maintains the light beam
during the plurality of scan steps,

an optical splitter that splits the light beam generated by
the light source component into multiple transmit-
ting light beams and directs the multiple transmitting
light beams to a target during each sub-frame expo-
sure, and

an electronically-controlled mirror that moves the mul-
tiple transmitting light beams during the plurality of
scan steps to 1lluminate different regions of the target
for different sub-irame exposures; and

a light recerving apparatus, the light recerving apparatus
comprising;
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a detector that receives multiple retlected light beams
from the target when 1n operation and generates one
or more detector signals, wherein the multiple
reflected light beams are a portion of the multiple
transmitting light beams, and the one or more detec-
tor signals are representative of the multiple reflected
light beams; and

an 1mage data processing apparatus that constructs
target information based on the one or more detector
signals from multiple sub-frame exposures.

2. The ToF imaging system of claim 1, wherein the
clectronically-controlled mirror 1s a microelectromechanical
(MEMS) mirror that changes positions for different sub-
frame exposures.

3. The ToF 1maging system of claim 1, further comprising,
optics that change one or more properties of the light beam
or the multiple transmitting light beams, the one or more
properties being one or more of a shape and a size.

4. The ToF imaging system of claim 1, wherein during
cach of the multiple sub-frame exposures, the multiple
transmitting light beams illuminate different regions of the
target.

5. The ToF mmaging system of claim 1, wherein adjacent
transmitting light beams of the multiple transmitting light
beams are separated by a non-zero angle.

6. The ToF imaging system of claim 1, wherein the
detector includes multiple groups of detector pixels, each
group receives a diflerent reflected light beam of the mul-
tiple reflected light beams during a sub-frame exposure of
the multiple sub-frame exposures.

7. The ToF 1maging system of claim 6, wherein each
group 1ncludes multiple sets of detector pixels, wherein each
set includes multiple detector pixels.

8. The ToF imaging system of claim 1, wherein a spot size
of at least one of the multiple transmitting light beams 1s
larger than a size of a single detector pixel 1n the detector.

9. A method of operating a time of tlight (ToF) imaging
system, the method comprising:

performing a capturing step to capture target information

of a target 1n a frame exposure which comprises mul-

tiple sub-frame exposures, wherein the capturing step

COMPrises:

during a first sub-frame exposure of the multiple sub-
frame exposures, performing a flash step, wherein
the flash step comprises generating a light beam;

during any other sub-frame exposure of the multiple
sub-frame exposures, performing a scan step,
wherein the scan step comprises moving the light
beam by changing a position of an electronically-
controlled mirror of the ToF imaging system:;

splitting the light beam 1nto multiple transmitting light
beams;

receiving multiple reflected light beams, the multiple
reflected light beams being a return of the multiple
transmitting light beams; and

generating one or more detector signals, the one or
more detector signals representative of the multiple

reflected light beams;
repeating the capturing step until an end of the frame

exposure; and
stitching together the target information from the one or

more detector signals from the multiple sub-frame

exposures,
wherein the frame exposure comprises at least one flash

step and at least one scan step.
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10. The method of claim 9, wherein the flash step further
comprises keeping the electronically-controlled mirror of
the ToF imaging system stationary during the flash step.

11. The method of claim 9, wherein the scan step further
comprises maintaining an illumination of the light beam 5
generated by the flash step.

12. The method of claim 9, wherein the frame exposure
comprises multiple scan steps, and the light beam 1s moved
along multiple directions for the multiple scan steps.

13. The method of claim 9, wherein generating the light 10
beam comprises operating a light source with a pulse width,
the pulse width greater than or equal to a duration of the
frame exposure.

14. The method of claim 9, wherein during each of the
multiple sub-frame exposures, the multiple transmitting 15
light beams 1lluminate different regions of the target.

15. The method of claim 9, wherein the frame exposure
comprises multiple flash steps.

G e x Gx ex
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